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Abstract

WO3 has successfully been deposited on indium tin oxide (ITO) substrate via

physical vapor deposition (PVD) technique, and X-rays diffraction (XRD) con-

firmed the deposition of a thin layer that is orthorhombic. The XRD and linear

sweep voltammetry (LSV) study of the WO3 thin film confirmed the type of

semiconductor and observed it to be an n-type semiconductor. The scanning

electron microscopy (SEM) study revealed the uniform and porous morphology

of the thin film, and the particle size of WO3 was measured to be 34 nm without

annealing. Fourier transform infrared (FTIR) confirmed the functional group

and particle vibration (stretching, compression) the broad band of stretching of

WO3 is monoclinic and observed to be in the range of 3200–3500 cm�1. The

W-O-W peak is noted in the range of 400–500 cm�1, while the W-O peak is

recorded in the range of 700–900 cm�1, and furthermore, minor peaks were also

recorded in the range of 1400–1700 cm�1. UV spectroscopy provided the absor-

bance of the solar spectrum in the UV and visible range beyond 400-nm range

of wavelength. The maximum absorbance was noted in the UV range (320 nm)

and gradually decreases with the wavelength. The maximum percentage trans-

mittance was noted at a wavelength in the 500-nm range, which is 88.67%. The

band gap of the deposited thin film was also confirmed via the Tauc plot and

observed to be 3.26 eV. The Electrochemical impedance spectroscopy (EIS)

small curve of WO3 is evidence of the low impedance and large photocurrent.

The maximum photocurrent confirmed from LSV measurement was noted to be

0.51% at 0.8 V, which is quite good for water-splitting applications. The hydro-

gen generation of the thin film through photoelectrochemical (PEC) water split-

ting was observed and found to have an average rate of 1743.09 mol g�1 for 6 h.
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1 | INTRODUCTION

Green energy and sustainable development are closely
related concepts, as green energy is an essential

component of sustainable development. Green energy is
regarded as energy that is generated from environmen-
tally friendly renewable resources like solar, wind, hydro,
geothermal, and biomass. Contrarily, sustainable
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development refers to growth that satisfies present needs
without endangering the ability of future generations to
meet their own needs [1]. It is a holistic approach to
development that takes into account environmental,
social, and economic factors and seeks to achieve a bal-
ance between them. The use of green energy is critical for
achieving sustainable development because it reduces
greenhouse gas emissions and other forms of pollution,
preserves natural resources, and supports economic
growth [2].

Thin films utilized in photocatalytic water splitting
present several distinct benefits. Their high surface-area-
to-volume ratio significantly enhances reaction efficiency
by maximizing exposure to both light and reactants,
which increases the number of active sites available for
the reaction. Additionally, the compact structure of thin
films facilitates efficient electron transport, reducing
charge recombination, which in turn improves the over-
all photocatalytic performance. Thin films are also versa-
tile, making them easily integrated into various devices,
which hold potential for large-scale applications. Despite
these advantages, there are challenges associated with
thin films. The relatively small thickness of these films
can limit light absorption, especially in materials that
need deeper penetration of light for optimal catalytic
action. Furthermore, producing high-quality thin films
that maintain uniformity across their surface can be tech-
nically demanding and economically expensive. Another
concern is the long-term stability of thin films, as they
are susceptible to degradation under the rigorous condi-
tions encountered during photocatalytic processes. In
conclusion, while thin films offer considerable promise
for water-splitting technologies, addressing their limita-
tions related to light absorption, cost, and durability is
crucial for making them viable for widespread use in sus-
tainable energy applications [2–5].

WO3 nanoparticles are tiny particles of the compound
tungsten oxide, which is a wide bandgap semiconductor
material. Tungsten oxide nanoparticles are of interest in
the fields of nanotechnology and energy due to their
unique electronic and optical properties, which make
them suitable for use in a variety of applications, includ-
ing gas sensing and energy conversion [6]. By altering
their electrical resistance in response to the presence of
the gas, tungsten oxide nanoparticles are used in gas
sensing to detect a variety of gases, including carbon
monoxide and nitrogen oxides. Compared to other types
of gas sensors, this makes tungsten oxide-based gas sen-
sors extremely sensitive and selective.

In energy conversion, tungsten oxide nanoparticles
are used as photocatalysts in water-splitting reactions,
where they can use light to split water molecules into
hydrogen and oxygen. This makes tungsten oxide

nanoparticles an important material for the production of
clean hydrogen fuel. Tungsten oxide nanoparticles can be
synthesized through a variety of methods, including
chemical synthesis and physical deposition [7]. They can
also be engineered to improve their performance by
changing their size, shape, or crystal structure.

Overall, tungsten oxide nanoparticles are a promising
material in the fields of nanotechnology and energy due
to their unique electronic and optical properties and their
potential for use in gas sensing and energy conversion
applications [8].

WO3 nanoparticles are inorganic particles composed
of tungsten and oxygen atoms. They are available in dif-
ferent morphologies such as nanorods, nanosheets, nano-
wires, or nanospheres. These nanoparticles have several
interesting optical, electronic, and catalytic properties
that make them useful in several fields. One of the signif-
icant applications of WO3 nanoparticles is in gas and
humidity sensing. WO3 is efficient in detecting nitrous
gas and also gives a rapid response to changes in environ-
mental humidity. In addition, WO3 nanoparticles can be
used in electrochromic smart windows to minimize
energy consumption by responding to light and tempera-
ture changes [9]. Furthermore, WO3 nanoparticles have a
high surface area and hence can provide an excellent cat-
alyst for heterogeneous catalyst applications, especially in
oxidation reactions. The nanoparticles are also used as a
catalyst in photoelectrochemical (PEC) hydrogen evolu-
tion reactions in solar energy systems [10]. However, as
with any nanoparticles, it is important to understand
their potential toxicology and handling to ensure safe
deployment in various industrial settings.

C. Liu et al. [11] in 2017, implementation of controls
sol–gel dicarboxylic acid and polyethylene glycol were
utilized as the chelating agent and polymeric source,
respectively, in Pechini's approach to manufacturing
WO3 nanopowders. To create WO3 powders, resin precur-
sors were first calcined at 550�C with varying amounts of
metal ions (12.5–50 mmol), acids (125–500 mmol), func-
tionalization agents (32–262 mmol), and polyethylene
glycol (1–16.5 mmol) in an environment of air. Energy
dispersive spectroscopy, field emission scanning electron
microscopy, and x-ray powder diffraction were used to
analyze the materials. The findings showed that the WO3

nanopowders aggregated in the monoclinic structure
when made with various concentrations of chelating
agent and polyethylene glycol. Because the polymerizing
agent and polyethylene glycol were included in the inclu-
sion of the polymerizing agent and polyethylene glycol as
a source of carbon, the nanopowders were devoid of
impurities. According to structural development, the con-
centration of polyethylene glycol and the complexing
agent affected how the nanopowders changed from
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having a rod-like shape to being uniform and spherical.
We obtained nanopowders with a confined size range
and an average particle size of around 58 nm [11].

Jyothi Gupta et al. [12] in 2022, thin film technology
has established itself in the fields of science and technol-
ogy during the past 10 years. Certain purposes call for the
improvement of various thin film characteristics. Porosity
is one of the characteristics of thin films made of diverse
materials that makes them particularly adaptable for use
in a variety of applications. Porosity, which determines
the volume of the hollow space over the entire span of
the thin film, aids in improving and perfecting many
thin-film-related application areas. One such area is elec-
trochromic, where the porosity of thin films is crucial.
One of the many useful and commonly used electrochro-
mic materials, WO3, is primarily used in implementations
for electrochromic devices. Highly permeable WO3 film
can provide a significant improvement in a variety of
applications, particularly in electrochromic devices. From
this perspective, it becomes crucial to identify several
strategies for improving the permeability of WO3 thin
films when using diverse deposition processes [12]. We
have attempted to condense several physical vapor depo-
sition (PVD) approaches in this article to improve the
porosity of WO3 thin films. Additionally, we have
attempted to assess the impact of different process vari-
ables under various PVD procedures on the tailoring of
the porosity of WO3 thin films. Ultimately, we conclude
by outlining several applications that include porous
WO3 thin films with technological advancement and are
continually being improved.

W. Zhao et al. [13] in 2024 improve the photocatalytic
overall water-splitting (POWS) process by addressing
challenges in charge carrier separation and promotion. It
focuses on both microscopic and macroscopic methods,
including semiconductor catalyst optimization through
energy band modulation to align with the water-splitting
redox potential. The paper discusses various semiconduc-
tor materials, such as metal oxides, nitrides, sulfides,
perovskites, carbon nitrides, and MOFs/COFs, and their
role in enhancing POWS efficiency. Traditional semicon-
ductor modification strategies like doping, heterojunction
construction, and surface modification are analyzed for
their impact on light absorption, charge dynamics, and
charge output. The importance of electrostatic or polari-
zation fields in these modifications is also emphasized.
Furthermore, the paper explores the influence of external
fields (electric, thermal, magnetic) on reaction systems
and compares their effects on macroscopic carriers and
reaction kinetics. Despite these efforts, challenges such as
experimental time constraints, economic viability, insta-
bility due to natural light fluctuations, and inefficiency in

large-scale systems remain. The paper concludes by dis-
cussing these issues and proposing strategies to address
them moving forward.

2 | METHODOLOGY

A PVD Technique is used for the preparation of the WO3

thin film because of its uniformity and purity; high uni-
formity, small area deposition with accuracy, and precise
control over deposition conditions are essential. Indium
tin oxide (ITO) has a higher transmittance in the visible
and near-infrared regions, making it more suitable for
applications requiring high optical transparency. ITO typ-
ically has a lower sheet resistance than FTO, which is
beneficial for reducing energy losses and improving
device performance. ITO has higher electrical conductiv-
ity due to its higher carrier concentration and mobility.
ITO tends to have better adhesion to various materials,
reducing the risk of delamination and improving device
stability, and it is used in a broader range of applications,
including displays, solar cells, and electrochromic
devices, making it a more versatile material. It has a well-
established manufacturing process, ensuring high quality
and consistent material properties. ITO is more compati-
ble with various materials and deposition techniques,
making it easier to integrate into device fabrication
processes.

2.1 | WO3 thin film preparation

The first step to develop the thin film was to use thermal
vapor deposition to deposit WO3 on an ITO substrate.
The starting material for the WO3 thin film formation
was 0.5 g of 99% pure WO3 powder purchased from
Sigma Aldrich. The tungsten boat was 99.9% pure WO3.
The tungsten-based boat and substrate holder (made of
brass) were positioned 19 cm apart in the working cham-
ber [14, 15]. A metal wrap contains a vacuum system,
substance condensation, and vapor deposition on the
substrate in this working chamber. Now, turn on
the power supply and the Rotary Van Pump. Proper work
can take up to 45 min. Turn on the water supply at the
same time. The diffusion pump heater was then turned
on to warm up the oil. Now, open the roughing valve
until the pressure drops to 10�2 mbar. After closing the
roughing valve, open the backup valve. Finally, connect
the diffusion pump to the vacuum chamber by opening
the isolation valve (Baffle Valve), achieving a vacuum of
10�5 mbar, turning on the transformer's power source,
and applying a current of 75–85 A to electrically heat the
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tungsten boat containing WO3 [16]. The source material
was evaporated and deposited on the substrates using
thermal energy. After deposition, close the baffle valve
and turn off the diffusion pump, then let the rotary van
pump and backing valve run for a while before closing
the backing valve and shutting off the rotary van pump,
turning off the main power, and allowing the water sup-
ply to run until the temperature of the flowing water
returned to normal. On the Borosilicate and ITO sub-
strates, a very thin film of WO3 was deposited [17]. The
thickness of the thin film was measured using a surface
profilometer and found to be 65 nm.

3 | EXPERIMENTAL SECTION

Different characterization was done to explore the pre-
pared thin film; X-rays diffraction (XRD) was done by
using a D-8 Bruker x-rays diffractometer. Scanning elec-
tron microscopy (SEM) Cube-II (Tabletop SEM) Emcraft
was used to investigate the surface morphology of the
thin film, which has resolution imaging up to 2 nm and
magnification of �200,000. Fourier transform infrared
(FTIR) setup Cary 630 Agilent Technologies, USA, rang-
ing from 500 to 4500 wavelength (cm�1) is used to iden-
tify the functional group, stretching, and expansion of the
thin film. The absorbance and transmittance of the thin
film were carried out to calculate the absorption of solar
spectra of WO3 thin film, while GC–MS, HPLC, Atomic
Absorption Spectrophotometer, and Gemmary Galvano-
potentio state CV setup were used for impedance, linear
sweep voltammetry (LSV), and hydrogen evolution dur-
ing the water splitting of the thin film.

4 | RESULT AND DISCUSSION

4.1 | XRD study

The XRD analysis of nanoparticles is a common tech-
nique used to study the crystal structure and phase iden-
tification of nanoscale materials. XRD is particularly
useful in characterizing nanoparticles because it can pro-
vide information about their crystallographic properties,
such as crystal size, lattice parameters, and preferred ori-
entation [18]. The XRD peaks (101) (103) (004) (200),
(105) (211) (116), (220) in Figure 1 depict the spectra of
WO3 thin films grown on an ITO substrate by PVD tech-
nique, while the asterisk peak shows the ITO peaks in
the XRD study. The WO3 XRD investigation demon-
strates the synthesis of an orthorhombic structure
(JCPDS Card no. 35–0270), pointing to the development

of single-phase and polycrystalline WO3 thin films, with-
out any sign of secondary phases [19]. Figure 1 demon-
strates that the major reflection, which is particularly
intense and denotes a preferred orientation in the depos-
ited WO3 thin film, is located in the positions of the
reflection planes of the WO3 film at 2θ = 23.14�, 23.70�,
and 24.36�. The calculated crystallite size, 16.43 nm,
according to the Debye–Scherrer formula [20] indicates a
comparatively small size that increases grain boundaries
and makes it appropriate for hydrogen generation
applications.

D¼ k� λ

βCosθ
: ð1Þ

4.2 | SEM study

SEM scans of ITO usually show a polycrystalline struc-
ture with discernible grains that vary in size from 34 nm
to a few micrometers. At greater magnifications, the nor-
mally smooth surface may exhibit microporosity or a lit-
tle roughness, which can affect characteristics like
electrical conductivity and optical transparency. The
grain boundaries shown in SEM images of ITO films,
which are usually deposited on glass or flexible sub-
strates, are essential for conductivity and adhesion in
applications such as transparent electrodes, solar cells,
and displays. The performance of the ITO film can be
enhanced by post-deposition annealing or other treat-
ments that improve the grain structure, as reported in
Figure 2.
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FIGURE 1 XRD analysis of WO3.
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FIGURE 2 (a) SEM Analysis of ITO substrate. (b–d) SEM analysis of WO3 thin film at various resolutions.
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WO₃ thin films prepared via PVD, SEM images often
show a dense, smooth surface with relatively uniform
coverage, though variations can appear depending on
specific parameters. At higher magnifications, SEM can
reveal well-defined grains, with sizes ranging from tens
to hundreds of nanometers, or even larger, depending on
the film's thickness and growth conditions [21]. More-
over, the thin films appear featureless, further emphasiz-
ing their consistent and uniform nature.

The observed outcome, extremely low roughness of
the WO3 thin films, can be attributed to surface adatom
mobility, which is critical in preventing the formation of
voided columnar microstructures. Surface adatom mobil-
ity refers to the movement of atoms or molecules on the
surface of a material [22]. About WO3 thin films,
the presence of mobile adatoms during the deposition
process facilitates the formation of a smooth and uniform
surface by reducing the chances of voids or irregularities.
This phenomenon helps to inhibit the growth of colum-
nar structures that are typically associated with rough
surfaces and nonuniform coatings. The overall smooth
and uniform morphology of the WO3 thin films is highly
desirable for hydrogen production [23].

The SEM study of WO3 in Figure 2b–d at different
resolutions was recorded and observed; when the scan
rate increases, the visibility of the morphology increases
due to slower scan rates providing more time for the elec-
tron beam to interact with the sample surface, which
improves resolution, enhances signal detection, and
allows finer details like grain size to be visible. Faster
scan rates limit these interactions, leading to lower reso-
lution and less visibility of small features. The grain size
of WO3 was measured to be 34 nm, which is quite better
for water splitting.

Changing the resolution scan rate of an SEM impacts
thin film imaging. A higher scan rate (faster scan) pro-
vides lower resolution, faster scanning, and less detail,
while a lower scan rate (slower scan) offers higher resolu-
tion but may cause surface heating or artifacts. The opti-
mal scan rate balances the need for detail with the
sensitivity of the thin film to electron beam exposure.

The scan rate can affect the thin film's physical,
chemical, and functional properties by influencing fac-
tors like surface temperature, structural integrity, and
material composition. A balance must be found to avoid
compromising the film's performance while obtaining
the desired resolution in SEM imaging [24].

4.3 | Brunauer–Emmett–Teller analysis

The Brunauer–Emmett–Teller (BET) analysis is mostly
used to calculate surface area and porosity in materials,

particularly in thin films. It is based on the physical
adsorption of gas molecules (typically nitrogen) onto the
material's surface and is primarily used to determine sur-
face area, pore size, and pore volume, all of which are
critical for understanding the material's performance in a
variety of applications, including catalysis, sensors, and
energy storage devices.

The BET (a Micromeritics Tristar 3000) study was
used to investigate the porous surface of the WO3 thin
film and the surface analysis. Figure 3 shows a traditional
IV sorption isotherm accompanied by an H1-type hyster-
esis loop in the N2 adsorption–desorption isotherms of a
WO3 thin film. It clearly demonstrates that capillary con-
densation is connected with large pore channels in WO3

pyramidal formations. The BET analysis shows that the
WO3 thin film has a surface area of 73.74 m2 g�1.
The WO3 thin film has a wide surface area and meso-
pores, potentially accelerating the reaction due to the
high number of active sites. Such a large surface area
material is useful for photocatalytic activity, which pro-
vides extra active surface sites for the adsorption of
organic compounds, which enhances the photocatalytic
efficiency. The adsorption isotherms of the layered WO3

thin film exhibit hysteresis loops, which are the main
characteristics of the porous structure. It is used to calcu-
late the actual surface area available for the surface reac-
tions (oxidation and reduction) [25–27].

BET study of WO₃ thin films reveals surface area,
pore structure, and overall qualities that impact perfor-
mance in applications such as catalysis and energy stor-
age. The analysis is vital for adapting the material's
properties to specific applications.
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4.4 | FTIR analysis

FTIR spectroscopy was used to investigate the chemical
bonding states, intricate structure, and functional groups
of the synthesized WO3 thin films [28]. With KBr as the
medium, FTIR spectra in the 4500–400 cm�1 wavenum-
ber range were captured. This study focused on the spec-
tral region between 547 and 678 cm�1. The stretching
vibration of a surface hydroxyl group causes the band
seen at 3201 cm�1, which is most likely a sign of re-
adsorption of water from the surrounding atmosphere.
On the other hand, the tungsten-hydroxyl (W-OH) bond's
stretching vibration is linked to the band at 1639 and
1420 cm�1. In Figure 4, distinctive strong absorptions
were observed at approximately 757 and 886 cm�1, which
can be attributed to the W=O and O-W-O stretching
vibrations, respectively, arising from the formation of
crystalline WO3 [29]. Notably, these specific absorptions
were only observed in the crystalline WO3 film and were
not present in the amorphous WO3 film. Minor peaks are
observed in the range of 1400–1700 cm�1 due to bending
vibrations of the hydroxyl group (δ(O-H)) and water
absorption bands, which are present due to the humidity
in the environment or residual water during the film
preparation process as reported in Figure 4.

4.5 | UV-vis spectroscopy

To investigate the optical characteristics of semiconduct-
ing materials, useful techniques like UV-visible diffuse
reflectance and absorbance spectroscopy are frequently
employed. As shown in Figure 5, absorbance spectra of

the WO3 thin film were examined at various WO3 con-
tent levels and wavelengths ranging from 300 to 800 nm.

One notable observation is that the WO3 thin film
demonstrates higher reflectance than other metal
oxides [30]. However, this reflectance decreases as the
wavelength increases [27, 28]. This reduction in reflec-
tance can be attributed to the enhancement of lattice
defects in the thin film, which subsequently leads to
increased absorption.

Regarding the UV-visible optical absorption spectra of
the WO3 samples, they exhibit relatively high absorbance
beyond 400 nm due to their band gap energy and optical
properties, which limit the absorption of photons with
wavelengths longer than those in the visible blue-violet
region, as reported in Figure 5. WO3 has a wide band
gap, typically around 2.5 to 3.5 eV, which means it
absorbs light in the UV region and is often used in photo-
catalysis for applications such as water splitting and envi-
ronmental cleanup under UV light. Interestingly, the
results indicate a wavelength fluctuation around 385 nm,
which may be attributed to inter-band charged transi-
tions involving trapping electrons [31, 32]. WO₃ is gener-
ally less absorptive in the near-infrared region unless
modified. For some infrared applications, doping can
enhance absorbance in the NIR range.

4.6 | Transmittance analysis

The transmittance of WO3 indicates that the thin film
possesses high transparency, with a transparency value of
88.67% in the visible region due to WO₃ thin films being
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transparent in the visible range due to their wide band
gap, low visible light absorption, controlled film thick-
ness, and specific microstructural properties, all of which
enable high visible light transmittance, as cited in
Figure 6. This high level of transparency suggests that the
film exhibits excellent optical quality, and it also indi-
cates minimal absorption losses [33].

Furthermore, the presence of fringes at higher wave-
lengths serves as confirmation that the WO3 thin film
was successfully prepared without any inhomogeneity.
The absence of inhomogeneity is a positive sign of the
film's uniformity and overall structural integrity [34].

4.7 | Band gap determination

The well-known Tauc's relationship was also used to cal-
culate the bandgap energy of the WO3 thin films as
reported in Figure 7. The following expression was used
to analyze the optical absorption edge:

α¼ 1=d ln 1=Tð Þ: ð2Þ

In this equation, d represents film thickness, while
T denotes transmittance. The absorption coefficient (α)
depends on the photon energy absorbed strongly by the
thin films. To measure the bandgap of the metal oxide
semiconductors, the widely used Tauc relation is applied:

αhυð Þ¼ β hν�Egð Þη: ð3Þ

The absorption coefficient α, Planck's constant h, pho-
ton frequency (ν), incident photon energy (hν), and

optical bandgap energy are all represented in this context
by the letters α, h, ν, h, and Eg, respectively [35]. The var-
iables β and η depend on the likelihood of a transition
occurring and its direction, which can be either direct or
indirect. In Figure 7, the plot displays an indirect transi-
tion as (αh)1/2 with hν changes linearly [36].

By extrapolating the (αhν)1/2 versus energy (hν) curve,
the estimated bandgap value of pure WO3 thin film was
found to be 3.26 eV, which is essential for applications in
photocatalysis.

4.8 | Electrochemical impedance
spectroscopy study

Electrochemical Impedance Spectroscopy (EIS) measure-
ments were conducted in the dark using an Autolab
PGSTAT-30 potentiostat with a frequency analyzer. To
ensure the stability of the WO3 film, an AC signal of
20 mV was applied across a frequency range of 50 Hz to
10 kHz within a restricted potential window at a constant
bias voltage. EIS was performed to gain insight into the
reaction kinetics of the system [37, 38].

The charge transfer properties of different counter
electrodes at the electrode/electrolyte interface, EIS anal-
ysis was conducted on symmetric cells containing two
identical electrodes [39]. For the EIS experiments, a sym-
metric cell was fabricated using WO3 as the working elec-
trode and Platinum as the counter electrode (CE). The
EIS analysis revealed semicircles in the Nyquist plots,
representing the charge transfer processes at both the
CE/electrolyte interface and the electrolyte interface,
respectively, as recorded in Figure 8. The low impedance
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curve observed for the WO3-based cell indicates efficient
charge transfer from the electrolyte interface to the work-
ing electrode [40]. This suggests that WO3 demonstrates
excellent charge transfer characteristics, leading to maxi-
mum photocurrent generation under suitable wave-
lengths within the solar spectra.

In the Nyquist plot, the presence of a semicircle indi-
cates charge transfer resistance, which provides informa-
tion on the rate of electron transfer within the material.
The diameter of this semicircle reflects the reaction kinet-
ics, with a larger diameter typically indicating slower
charge transfer [41].

4.9 | LSV measurements

Linear sweep voltammetry measurements were con-
ducted in the dark using an Autolab PGSTAT-30 poten-
tiostat with a frequency analyzer. To ensure the stability
of the WO3 film, an AC signal of 20-mV amplitude was
applied across a frequency range of 50 Hz–10 kHz within
a controlled potential range and at a fixed bias voltage.

LSV is a technique used to study the process of water
splitting into hydrogen and oxygen by applying an
increasing voltage. Initially, no voltage is applied, so no
reaction occurs. As the voltage is gradually increased,
water begins to break down into hydrogen (H₂) and oxy-
gen (O₂) gases. During this process, the flow of electrons
also increases, causing the current to rise. This rise in
current indicates how easily water splits at different volt-
ages. At a certain voltage, the water splits more rapidly,
and the current increases more quickly, signaling that
the process is becoming more efficient. Overall, LSV
helps researchers determine the voltage required to split

water and measure the efficiency of hydrogen and oxygen
production.

The prepared WO3 thin film's solar light hydrogen
conversion efficiency (STH%) was calculated using the
formula below:

STH%¼ 1:23�Vbiasð ÞJ
P

�100%, ð4Þ

where Vbias represents the applied voltage using solar
spectra between the working and reference electrodes
(AgCl/Ag). J denotes the photocurrent density generated
by the WO3 thin film [42]. P is the solar intensity at the
Earth's surface, which is typically 100 mW/cm2.

Upon experimental measurement, the STH% of the
WO3 thin film was found to be 0.51% at an applied volt-
age of 0.8 V.

To further understand the change in photocurrent
under different conditions, the following formula was
utilized:

J ¼ J light� Jdark: ð5Þ

In this context:
Jlight represents the photocurrent density measured

under light conditions.
Jdark represents the photocurrent density measured

under dark conditions (i.e., in the absence of light).
The difference between the photocurrent under light

and dark conditions, as reported in Figure 9, gains
insights into the light-induced changes in photocurrent
due to the presence of the WO3 thin film. This suggested
that WO3 yields a significantly higher current at a higher
wavelength [42–46].
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The difference between the photocurrent under light
and dark conditions reported in Figure 9, gains insights
into the light-induced changes in photocurrent due to the
presence of the WO3 thin film. This suggested that WO3

yields a significantly higher current at a higher wave-
length [45, 47].

4.10 | Hydrogen generation
measurement

Photoelectrochemical water splitting is a promising
method for producing hydrogen, with its effectiveness
heavily reliant on the light source used. The UV-visible
wavelength range commonly used spans 200 to
500 nm, with light intensities from 10 to 100 mW/cm2

and irradiance levels between 100 and 1000 W/m2.
Typical light sources in PEC water-splitting research
include xenon lamps, LED arrays (such as UV, blue, or
white LEDs), solar simulators, and lasers at specific
wavelengths [48].

4.10.1 | Water-splitting mechanism

The hydrogen generation process in water splitting
breaks down water into hydrogen and oxygen gases using
electricity. This happens in two steps. First, at the anode
(positive side), water molecules are split, releasing oxygen
gas, protons (hydrogen ions), and electrons. The reaction
at the anode is

2H2O!O2þ4Hþþ4e�:

The released electrons travel through an external cir-
cuit to the cathode (negative side), where they combine
with protons to form hydrogen gas. The reaction at the
cathode is

4Hþþ4e� ! 2H2:

The overall reaction is the splitting of water into
hydrogen and oxygen gases

2H2O! 2H2þO2:

The efficiency of this process depends on the voltage
applied, the use of catalysts, and the system setup. The
minimum voltage required for this to happen is 1.23 V,
but higher voltages are often needed in practice due to
losses. Catalysts like iridium or platinum are used
to make the process more efficient by lowering the
energy required for the reactions to occur.

WO₃ is a n-type semiconductor with an indirect band
gap in its most stable orthorhombic phase, with a value
around 3 to 3.5 eV. This indirect band gap structure gen-
erally results in lower absorption efficiency compared to
direct band gap materials, especially in the visible light
range. The rate at which the WO3 thin film produces
hydrogen is reported in Figure 10. It was discovered that
WO3 produces hydrogen at a higher rate than other metal
oxide materials [49]. The exceptional solar light harvest-
ing abilities of the thin film, which have been demon-
strated by numerous tests like absorbance,
electrochemical impedance spectroscopy, and LSV, are
responsible for the increased hydrogen production rate
[46–50]. The remarkable hydrogen production rate is sig-
nificantly influenced by the WO3 thin film's porosity,
which was discovered through analysis using scanning
electron microscopy. The presence of porosity facilitates
efficient hydrogen evolution reactions, thereby contribut-
ing to the overall increase in the hydrogen generation
rate. To provide more detail about the hydrogen produc-
tion rate of WO3 [51–54].

It was found to have an average hydrogen production
rate of 1743.09 mol g�1 in 6 h reported in Figure 10. This
significant rate highlights the potential of WO3 as a
promising candidate for hydrogen evolution and renew-
able energy applications as compared to the other metal
oxides cited in the literature.

5 | CONCLUSIONS

In summary, WO₃ thin films exhibit highly promising
features for PEC water splitting, primarily due to their
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remarkable light absorption and efficient charge transfer
properties. XRD analysis revealed the formation of an
orthorhombic crystal structure with a crystallite size of
16.43 nm, which enhances the grain boundaries, contrib-
uting to better performance in hydrogen generation. SEM
and FTIR spectroscopy indicated that the WO₃ films pos-
sess a smooth, uniform surface with minimal roughness,
which is ideal for photocatalytic applications. UV-vis
analysis demonstrated that the films are highly transpar-
ent, with substantial light absorption in the visible range,
which is essential for effective photocatalysis. The band
gap of WO₃, calculated to be 3.26 eV using Tauc's plot,
confirms its ability to absorb light in the visible spectrum,
making it suitable for photocatalytic applications. EIS
and LSV measurements showed that the WO₃ films
exhibit efficient charge transfer properties and generate
high photocurrents under illumination, further enhanc-
ing their potential in PEC water splitting. The hydrogen
production rate measured for WO₃ was
1743.09 mol g�1 h�1, which is notably higher than that of
many other materials, underscoring its superior perfor-
mance in hydrogen evolution. The overall combination
of high light absorption, efficient charge transfer, and a
high hydrogen production rate makes WO₃ a highly
promising material for renewable energy applications,
particularly in the field of solar-driven hydrogen
generation.
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